During Xenopus early development, the length of the poly(A) tail of maternal mRNAs is a key element of translational control. Several sequence elements (cytoplasmic polyadenylation elements) localized in 3 H untranslated regions have been shown to be responsible for the cytoplasmic polyadenylation of certain maternal mRNAs. Here, we demonstrate that the mRNA encoding the catalytic subunit of phosphatase 2A is polyadenylated after fertilization of Xenopus eggs. This polyadenylation is mediated by the additive effects of two cis elements, one being similar to already described cytoplasmic polyadenylation elements and the other consisting of a polycytosine motif. Finally, a candidate speci®city factor for polycytosine-mediated cytoplasmic polyadenylation has been puri®ed and identi®ed as the Xenopus homologue of human a-CP2. q
Introduction
In most, if not all species, the post-transcriptional control of maternally expressed genes is important for the correct development of the embryo. Depending on the maternal mRNA, this control can occur at different levels. Many mRNAs are subject to a control of their translation via the recruitment into or release from polysomes. For others, the protein product is affected by post-translational modi®ca-tions which can cause the activation or the inactivation of their function. Localization of maternal mRNAs is also important as it directs a localized synthesis of specialized proteins.
In Xenopus laevis many of the mRNAs subjected to a translational control during oogenesis and embryogenesis encode proteins that are important for these two biological processes. For instance, oocytes maturation requires the appearance of de novo synthesized c-mos protein translated from the stored maternal mRNA. c-mos protein is not detected in growing Xenopus oocytes (Sagata et al., 1988) . Furthermore, the morphological defects caused by ectopically expressed activin receptor in Xenopus laevis embryos are dependent on the translational control to which the mRNA is subjected (Simon et al., 1996) . For these and many other maternal mRNAs, a functional relationship has been observed between the translational status of a mRNA and the control of its poly(A) tail length (for a review see Osborne and Richter, 1997) . The poly(A) 1 mRNAs are much more actively translated than their poly (A) 2 counterparts. This relationship, that has been amply described for maturing Xenopus oocytes and early embryos, has also been observed in mouse (Huarte et al., 1992) and Drosophila (Salles et al., 1994) oocytes and embryos and, furthermore, in several eukaryotic cell types (Gallie, 1991) .
The control of maternal mRNA translation in oocytes and early embryos is particular in as much as certain maternal transcripts that are stored in a poly(A) 2 non-translated form can be readenylated de novo in the cytoplasm. During Xenopus oocyte maturation and early embryogenesis this cytoplasmic polyadenylation is driven by a speci®c cis-element called a CPE (cytoplasmic polyadenylation element) (Fox et al., 1989; McGrew et al., 1989) . The maternal mRNAs that are devoid of a functional CPE are deadenylated (their poly(A) tail is shortened) by a default pathway (Fox and Wickens, 1990; Varnum and Wormington, 1990) . The default deadenylation is activated during oocyte maturation, but remains active after fertilization (Legagneux et al., 1995) . Two major types of CPEs have been characterized in Xenopus. The UA-rich CPEs (U .4 A 1±2 U) were identi®ed in maternal mRNAs that become polyadenylated during oocyte maturation (Fox et al., 1989; McGrew et al., 1989; Paris and Richter, 1990; Sheets et al., 1994) , whereas the Urich CPEs (U .12 ) were identi®ed in mRNAs that become polyadenylated after fertilization (Simon et al., 1993 (Simon et al., , 1996 Simon and Richter, 1994) . Both of these CPEs function in conjunction with the AAUAAA canonical nuclear polyadenylation signal and are situated in the 3 H untranslated region (3 H UTR) of the mRNA. Two factors that associate with the UA-rich and U-rich CPEs have been cloned and named CPEB and elr-A, respectively (Hake and Richter, 1994; Wu et al., 1997) . That CPEB is required for CPE-dependent polyadenylation has been demonstrated by immunodepletion/rescue experiments (Hake and Richter, 1994) .
The implication of the poly(A) tail in controlling the translation of maternal mRNAs, and thereby development, makes it important to identify all the cis-sequences and trans-factors involved in the cytoplasmic metabolism of the poly(A) tail. We have previously cloned and sequenced the cDNA corresponding to the maternal Xenopus mRNA encoding the catalytic subunit of phosphatase 2A (PP2Ac) (Cormier et al., 1991) . Preliminary experiments showed that this mRNA was polyadenylated after fertilization. However, no U-rich CPE was present in the 3 H UTR of this mRNA. In the present study, we demonstrate that a UA-rich CPE and a 14 nucleotides (nt) stretch of cytosines present in the 3 H UTR of the PP2Ac mRNA both function to promote cytoplasmic polyadenylation in Xenopus embryos and we characterize further the poly(C) sequence. In addition, we identify a factor interacting speci®cally with the poly(C) sequence that is a candidate for mediating poly(C)-dependent cytoplasmic polyadenylation.
Results

The endogenous PP2Ac mRNA is adenylated after fertilization
The polyadenylation status of the maternal PP2Ac mRNA was analyzed by Northern blotting using poly(A) 1 and poly(A) 2 RNA isolated from embryos taken at 2 h intervals after fertilization (Fig. 1) . In these experiments the midblastula transition occurred between 7 and 8 h of development as estimated from the appearance of the signal corresponding to the zygotic transcript DG42 (Rosa et al., 1988) (data not shown). The quality of these preparations of poly(A) 1 mRNAs was veri®ed using a probe to ornithine decarboxylase mRNA which is polyadenylated and stable in lain eggs and early embryos (Fig. 1,  upper panel) . The data given in Fig. 1 (middle panel) show that the amount of PP2Ac mRNA in the poly(A) 1 fraction increased during the ®rst 4 h of development. Concomitant with this increase in poly(A) 1 PP2Ac mRNA there was a decrease of PP2Ac mRNA in the poly(A) 2 fraction ( Fig. 1 , lower panel). Therefore, maternal PP2Ac mRNA is polyadenylated de novo after fertilization.
Identi®cation of the elements controlling polyadenylation in the 3
H UTR of PP2Ac mRNA
Initially we ascertained that the last 200 nt of PP2Ac 3 H UTR were suf®cient to confer the polyadenylation behavior of the maternal mRNA on a chimeric RNA. Visual scanning of this 200 nt region for sequence motifs similar to those of the known CPEs identi®ed a potential CPE (UUUUAUU) that is situated 84 nucleotides 5 H of the AAUAAA polyadenylation signal ( Fig. 2A) . This motif ®ts one of the UA-rich CPE sequences that have been identi®ed in the 3 H UTR of mRNAs undergoing polyadenylation during oocyte maturation (see Section 1). To determine whether this sequence was a functional CPE, two chimeric genes were constructed.
In one (pGbPP200wt), the distal 200 nt portion of PP2Ac 3 H UTR was cloned 3 H to a T7 promoter and the b-globin 5 H UTR (see Fig. 2A ). The other chimeric gene (pGbPP200CPE 2 ) was similarly constructed but differed from the ®rst by a mutation of the potential CPE (UUUUAUU to UUGGGUU). Capped, 32 P-labeled, poly(A) 2 RNAs were synthesized from these genes and injected into two-cell Xenopus embryos. Total RNA was extracted from batches of embryos at various times after injection and the injected RNAs were analyzed by electrophoresis on polyacrylamide/urea gels and autoradiography. The data from a representative experiment are shown in Fig.  2B . Over the time course of the experiment the wt RNA (lanes 1±5) progressively increased in size. To con®rm that this size increase was due to polyadenylation the RNA samples from the 0, 2 and 4 h time points were incubated with RNase H in the presence or absence of oligo(dT) (Fig.  2C, lanes 1±6 ). The radiolabeled RNA in the 2 and 4 h Fig. 1 . PP2Ac maternal mRNA is polyadenylated after fertilization. Total RNAs were extracted from Xenopus embryos at the indicated times after fertilization. RNAs were fractionated into poly(A) 1 (two upper panels) and poly (A) samples was shortened by the oligo(dT)/RNase H treatment and migrated at the position of the non-adenylated molecules. This treatment did not modify the migration of the radiolabeled RNA in the 0 h sample.
Mutation of the (UUUUAUU) CPE motif (Fig. 2B , lanes 6±10 and Fig. 2C , lanes 7±12) caused an important reduction in the rate of polyadenylation of the injected in vitro transcripts during this same 4 h period. A lengthening of this CPE 2 RNA is hardly discernible 1 h after injection but is clearly apparent for later time points. That this lengthening is due to polyadenylation was con®rmed by oligo(dT)/ RNase H analysis (Fig. 2C, lanes 7±12) .
To quantify these changes in poly(A) tail length, the elongation of these injected RNAs (Table 1) was estimated as described in Section 4. The poly(A) tail of wt RNA was rapidly extended to about 40 As during the ®rst hour after injection. Thereafter it gradually increased to attain a value of about 85 nt at the end of the 4 h period studied. In agreement with the autoradiographic data, at the 1 h time point (Fig. 2B , lane 7) the poly(A) tail extension of the CPE 2 RNA was only minor. However, at the end of the 4 h period studied the CPE 2 RNA had been extended by about 40 nt.
These data suggest that a second cis-element capable of driving cytoplasmic polyadenylation is present in the 3 H UTR of PP2Ac mRNA. Terminating 2 nt upstream of the AAUAAA polyadenylation signal is a 14 nt stretch of cytosines. Although this sequence motif has not been described as a CPE, it is evocative of another pyrimidine stretch, the U-rich CPE. To test the capacity of this C 14 motif to act as a CPE it was replaced in the pGbPP200CPE 2 chimeric gene by the sequence (CAGCUGCAUAUG) to make the gene pGbPP200CPE
2 RNAs were synthesized from this double mutant gene and injected into two-cell Xenopus embryos. Analysis of the RNAs extracted at various times from these embryos (Fig. 2B , lanes 11±15) showed only a small size increase even 4 h after injection. Consistent with this observation, no signi®cant size difference was observed when the double mutant RNA extracted from embryos at various times after injection was digested with RNase H either in the presence or the absence of oligo(dT) (Fig. 2C , lanes 13± 18). To further test the CPE function of this sequence element, a similar replacement of the C 14 motif was made a The data given in Fig. 2B were quanti®ed using a Phosphoimager (Molecular Dynamics) with the Imagequant software. Poly(A) extension (number of added adenine residues) was then estimated as described in Section 4. Poly(C) and CPE contributions were calculated by subtracting the value of the C 2 CPE 2 poly(A) extension from that of the CPE 2 and C 2 poly(A) extensions, respectively. 
CPE
2 (lanes 11±15) and C 2 (lanes 16±20) transcripts were injected into embryos and incubated for the indicated times. RNAs were then extracted, resolved on a 4% polyacrylamide gel containing urea and revealed by autoradiography of the dry gel. The data for the different RNAs given in this panel were obtained in the same experiment using sibling embryos. Non-injected (n.i.) poly(A) 2 and poly(A) 1 (A70) RNAs were loaded on the same gel to serve as molecular weight markers. (C) Oligo(dT)/RNase H analysis of the wt (lanes 1±6), CPE 2 (lanes 7±12), C 2 CPE 2 (lanes 13±18) and C 2 (lanes 19±24) transcripts. Above each lane is indicated the time, after injection of the RNA, at which the embryo samples were taken and whether the RNase H digestion was performed in the absence (2) or the presence (1) of oligo(dT). The data for the different RNAs given in this panel were obtained in the same experiment using sibling embryos.
in the pGbPP200wt gene to yield pGbPP200C 2 . Following injection into two-cell embryos the capped, 32 P-labeled, poly(A) 2 GbPP200C 2 RNA increased in size less rapidly than the GbPP200wt RNA (Fig. 2B , lanes 16±20; compare with lanes 1±5). As for the wt RNA, the oligo(dT)/RNase H analysis (Fig. 2C, lanes 19±24 ) con®rmed that these increases in the size of the injected RNA were due to polyadenylation.
A quanti®cation of the polyadenylation of the two C 2 RNAs, similar to that performed for the wt and CPE 2 RNAs, showed that the double mutant (CPE 2 C 2 ) RNA only underwent minimal polyadenylation during the 4 h period studied (Table 1 ). For the GbPP200C 2 RNA the initial extension of the poly(A) tail was less pronounced than for the wt RNA and this difference persisted throughout the 4 h period. In order to estimate the relative contributions of the C-rich element and the UA-rich CPE, we have assumed that the double mutant RNA (CPE 2 C 2 ) only undergoes background polyadenylation. Hence, the subtraction of the elongation value for this RNA, at each time point, from that of the C 2 or the CPE 2 RNAs yields, respectively, an estimate of the contribution from the UA-rich CPE or the C-rich element. It is clear from these calculations ( Table 1) that the major contribution to the polyadenylation of the PP2Ac mRNA is coming from the UA-rich CPE. The relative values of the contributions from these two elements at the 3 and 4 h time points indicate that the UA-rich CPE is two to three times more ef®cient than the C-rich element. Furthermore, the sum of these individual contributions is not signi®cantly different from that of the net poly(A) elongation calculated for the wt RNA (after subtraction of background polyadenylation). This implies that the contributions of these two elements to the elongation of the poly(A) tail of the maternal mRNAs are additive.
Qualitatively similar results were obtained using RNAs in which the poly(C) sequence had been deleted instead of being substituted (data not shown). This rules out that the observed effects of the replacement of the C 14 motif are due to the fortuitous introduction of an eventual polyadenylation inhibitor. We conclude that the distal 200 nt of PP2Ac 3 H UTR contains two sequence elements with the properties of a CPE, a UA-rich CPE and the C 14 sequence element which constitutes a novel cis-element capable of stimulating mRNA cytoplasmic polyadenylation in Xenopus embryos.
Default deadenylation is antagonized by the C-rich element in Xenopus embryos
One of the properties of a CPE, in addition to targeting a mRNA for polyadenylation, is to protect this same mRNA against default deadenylation (see Section 1). Therefore, if the C-rich element in PP2Ac 3 H UTR acts as a CPE it should be able to decrease the rate of default deadenylation of RNAs injected in a poly(A) 1 form. To verify this property in Xenopus embryos, the poly(A) 1 wt and C 2 RNAs were injected into two-cell Xenopus embryos. Total RNA was extracted from batches of these injected embryos taken at various times after injection and analyzed as described above. The results obtained in such an experiment are given in Fig. 3 (lanes 1±12 ). The two transcripts underwent very similar behaviors, namely they remained distributed along a continuous smearing approximately centered on the position of the injected RNA (0 h). This indicates that both transcripts were ef®ciently protected against default deadenylation. However, after incubation, the mean size of the wt transcript was slightly greater than that of the C 2 transcript, suggesting that the poly(C) sequence participated in the protection of the wt transcript against default deadenylation.
To test this hypothesis further, it was necessary to use transcripts that could be substrates for default deadenylation. Hence, we compared the deadenylation behaviors of the CPE 2 and CPE 2 C 2 transcripts after injection in Xenopus embryos (Fig. 3, lanes 13±20 ). In the experimental conditions used default deadenylation has the kinetic characteristics of a distributive process with the appearance of heterogeneously shortened substrate molecules (Legagneux et al., 1995) . This is the situation observed for both of these RNAs devoid of the UA-rich CPE; however, for the RNA that has retained the C-rich element, the rate of default dead- Fig. 3 . The poly(C) sequence partially protects chimeric transcripts against default deadenylation. Polyadenylated, capped, radiolabeled wt (lanes 1±6), C 2 (lanes 7±12), CPE 2 (lanes 13±16) and C 2 CPE 2 (lanes 17±20) transcripts were injected into embryos and incubated for the indicated times. RNAs were then analyzed as described in the legend to Fig. 2B. enylation is clearly slower (compare Fig. 3, lanes 13±16  with 17±20) . Hence, alone, the C-rich element can at least partially protect the RNA from default deadenylation in Xenopus embryos.
The C-rich element in PP2Ac 3
H UTR is inactive in oocytes Most UA-rich CPEs promote cytoplasmic polyadenylation during oocyte maturation. To test if the C-rich CPE in the PP2Ac 3 H UTR is active during oocyte maturation, we injected the capped, radiolabeled CPE 2 and CPE 2 C 2 RNAs, either as poly(A) 2 (Fig. 4, lanes 1±6 ) or poly(A) 1 (Fig. 4, lanes 7±12 ) transcripts, into stage VI oocytes. RNAs were extracted either immediately or after a 16 h incubation in the presence or the absence of progesterone to induce maturation and analyzed as described above. The two transcripts displayed the same behavior, namely neither was affected by incubation in unmaturated oocyte (lanes 1, 2, 4, 5, 7, 8, 10, 11). Upon progesterone treatment, both RNAs underwent a slight, background polyadenylation when injected in a poly(A) 2 form (lanes 3 and 6), and both RNAs were deadenylated by the default process when injected in a poly(A) 1 form (lanes 9 and 12). Therefore, the poly(C) sequence in the PP2Ac 3 H UTR is unable both to promote polyadenylation and protect against default deadenylation during oocyte maturation.
H UTR can bind a factor homologous to human a-CP2
To identify trans-acting factors potentially involved in the control of the poly(A) tail length by the C-rich element, the binding of Xenopus proteins to different RNA af®nity matrices was analyzed. Four RNA ligands were used that corresponded to (1) the last 200 nt of PP2Ac 3 H UTR (PP200wt), (2) this same region from which the 14 cytosines were deleted (PP200DC), (3) polycytosine (pC) and (4) polyuridine (pU). These af®nity matrices were incubated with cytosol extracts made from Xenopus eggs and, after washing to remove non-speci®cally bound proteins, the RNA±protein complexes were eluted by a RNase A treatment. The SDS-PAGE analysis of the eluants from these columns (Fig. 5A) showed that the PP200wt matrix (lane 1) bound three main proteins. One of these, of about 42 kDa, was absent in the eluate from the PP200DC (lane 2), whereas the other proteins had been retained on this column. The 42 kDa protein was also bound to the pC matrix (lane 3) but it was absent from the eluants of the pU matrix (lane 4). Therefore, the 42 kDa protein is the main factor that shows speci®city for a poly(C) sequence; the other proteins puri®ed by af®nity chromatography on the wt column were not speci®c for a poly(C) sequence.
To identify this 42 kDa Xenopus poly(C) binding protein, the RNA af®nity puri®cation was performed on a preparative scale. The band corresponding to the 42 kDa protein was eluted from the SDS/polyacrylamide gel and sequence data were obtained from four endolysine peptides (Fig. 5B) . Ordered from the N-terminal, the second and fourth peptides of the Xenopus protein were identical to peptides in the human a-CP2 protein . This protein is part of the a-complex that binds to a C-rich element in the a-globin 3 H UTR (see Section 3). The ®rst Xenopus peptide contained one unidenti®ed amino acid and one additional amino acid relative to the human a-CP2 sequence (EES instead of ES). The third Xenopus peptide also contained one unidenti®ed amino acid. At all other positions the amino acids in the Xenopus peptides were identical to those in the human sequence. Three amino acids, marked with a dot in Fig. 5B , discriminate between the human a-CP1 and a-CP2 sequences showing that the Xenopus peptides were derived from a protein with greater sequence homology to a-CP2. Therefore, Xenopus embryos contain a protein homologous to the human a-CP2 protein that can bind to the C-rich element in PP2Ac 3 H UTR. Fig. 4 . The PP2Ac poly(C) sequence is inactive during oocyte maturation. Capped, radiolabeled C 2 CPE 2 (lanes 1±3 and 7±9) and CPE 2 (lanes 4±6 and 10± 12) RNAs were injected as poly (A) 2 (lanes 1±6) or poly(A) 1 (lanes 7±12) RNAs. RNAs were extracted immediately (lanes 1, 4, 7 and 10) or after a 16 h incubation in the absence (lanes 2, 5, 8 and 11) or the presence (lanes 3, 6, 9 and 12) of progesterone (Pg) and analyzed as described in the legend to Fig. 2B .
Discussion
We have presented here results that identify a novel polyadenylation control element, namely the C 14 motif in Xenopus PP2Ac mRNA. At fertilization, the maternal PP2Ac mRNA is predominantly in the poly(A) 2 fraction, as de®ned by oligo(dT) chromatography. Four hours latter the vast majority of this mRNA has passed into the poly(A) 1 fraction. The distal 200 nt portion of the 3 H UTR of PP2Ac mRNA, when present in a chimeric RNA, is suf®cient to ensure that the RNA reproduces this behavior when injected into Xenopus embryos. Two elements contained within this 200 nt region are responsible for this polyadenylation, namely a UA-rich CPE and the C-rich element situated, respectively, 84 and 16 nt upstream of the AAUAAA polyadenylation signal.
This situation is original in three aspects. Firstly, although UA-rich CPEs are still active after fertilization when inserted into a chimeric RNA (Stebbins-Boaz and Richter, 1994; Audic et al., 1997) , they have only been described until now in the 3 H UTRs of maternal RNAs undergoing polyadenylation during oocyte maturation (Fox et al., 1989; McGrew et al., 1989; Paris and Richter, 1990; Sheets et al., 1994) . Secondly, there exists no report that a poly(C) sequence has the properties of a CPE. In fact, all the CPEs characterized from mRNAs that are polyadenylated after fertilization consist of poly(U) sequences (Simon et al., 1993 (Simon et al., , 1996 Simon and Richter, 1994) . Therefore, we propose that poly(C) is a novel embryonic CPE. Finally, the presence of two different CPEs within the same mRNA had not yet been documented to our knowledge. Alone, the C-rich element is able to target a RNA for polyadenylation, albeit two-to three-fold less ef®ciently than that caused by the UA-rich CPE. Therefore, the cytoplasmic polyadenylation of the PP2Ac maternal mRNA is presumably driven by both of these CPEs. Quantitative analysis of the rate of poly(A) extension for the different injected RNAs (Table 1) showed that the contributions from each of these elements are additive rather than synergistic.
The C-rich CPE in the PP2Ac 3 H UTR is inactive in maturing oocytes, both in promoting polyadenylation and protecting against default deadenylation. Two hypotheses may explain this inactivity: the C-rich CPE may be inactive by itself in oocytes; alternatively, it might be silenced before fertilization by a masking element that would necessarily be localized within the 200 distal nucleotides of the PP2Ac 3 H UTR. A similar situation has been described for the maternal mRNAs, Cl1 (renamed eRF3; Frolava et al., 1994) and Cl2. A U-rich CPE is present in the 3 H UTRs of both of these mRNAs (Simon et al., 1993; Simon and Richter, 1994) that are polyadenylated after fertilization (Paris and Philippe, 1990) . However, during oocyte maturation, the function of the U-rich CPEs in Cl1 and Cl2 RNAs is inhibited due to the presence of silencer elements. These silencer elements cover extended portions of the 3 H UTRs and appear to contain redundant sequence information (Simon et al., 1993; Simon and Richter, 1994) . Whatever the correct hypothesis, the fact that the C-rich CPE is inactive during oocyte maturation, at least in the context of the PP2Ac RNA, is consistent with the observation that the maternal PP2Ac mRNA is predominantly poly(A) 2 in lain eggs. The polyadenylation driven in embryos by the CPEs in PP2Ac mRNA is much slower than that mediated by the UA-rich CPE from B4 maternal mRNA (Stebbins-Boaz and Richter, 1994; Audic et al., 1997) . Several possible causes for this difference in polyadenylation rates can be evoked. It could be due to differences in the sequences of the UA-rich CPEs (UUUUAUU for PP2Ac mRNA and UUUUUAAU for B4 mRNA), the context within the 3 H UTR of each CPE The 42 kDa poly(C) binding protein was eluted from a preparative gel, endolysin-C digested and four peptides were microsequenced. The sequences of these four peptides and that of human a-CP2 are shown. Aminoacids that are identical in the peptides and protein sequences are marked with a star. Differences between the sequences of human a-CP1 and a-CP2 are indicated by a dot above the corresponding residue in the a-CP2 sequence.
and the distance of the CPEs from the AAUAAA nuclear polyadenylation signal (84 nt in PP2Ac mRNA and 13 nt in B4 mRNA). Instances of the two latter causes have already been reported (Simon et al., 1993; Sheets et al., 1994) . The RNA af®nity chromatography and peptide sequence data show that Xenopus embryos contain a protein, highly homologous to the human a-CP2 protein, that can speci®-cally bind to the C-rich element in PP2Ac mRNA. Hence, Xenopus a-CP2 is a good candidate to be the trans-acting factor involved in C-rich embryonic CPE-mediated polyadenylation. Two a-CP proteins (a-CP1, also named hnRNPE1, and a-CP2) that show extensive sequence conservation have been described in mammals. These a-CP proteins participate in several post-transcriptional regulatory processes, including the regulation of a-globin mRNA stability (for a review see Ostareck-Lederer et al., 1998) . The remarkable stability of a-globin mRNA during erythroid differentiation is mediated by a C-rich element in the 3
H UTR and an associated mRNP complex (a-complex) of which a-CP1 or a-CP2 is the RNA binding component Wang et al., 1995) . Natural (Constant Spring) or site-directed mutations that prolong the a-globin reading frame prevent the formation of the a-complex and decrease the stability of this mRNA. Using transgenic mice, Morales et al. (1997) showed that in erythroid cells, the RNAs with the wild type a-globin 3 H UTR had a signi®-cantly longer poly(A) tail than those with the Constant Spring mutation. This suggested that Constant Spring aglobin mRNA would be more rapidly deadenylated and hence less stable than the wild type a-globin mRNA. Therefore, the post-transcriptional regulations of PP2Ac mRNA in Xenopus embryos and of a-globin mRNA during mammalian erythroid differentiation share several features: both mRNAs display a C-rich sequence element in their 3 H UTR that is required to maintain or promote a long poly(A) tail, and the C-rich elements bind homologous factors.
On a more general basis, it is now becoming apparent that the translational control of mRNAs via their polyadenylation status is a complex process involving an increasing number of cis-acting elements and associated factors. During Xenopus early development, three types of CPEs have been characterized to date. The previously identi®ed CPEs were rich in uridine. The present demonstration that a poly(C) sequence can act as a CPE implies that other nonuridine rich CPEs probably remain to be discovered. In addition to multiple types of CPEs, the complexity of the control on poly(A) tail length in Xenopus embryos is enriched by the existence of sequence speci®c deadenylation elements (Paillard et al., 1998; Voeltz and Steitz, 1998) , of elements that can silence the U-rich CPEs (Simon et al., 1993; Simon and Richter, 1994) and of elements that can stimulate at least one mode of sequence speci®c deadenylation (Audic et al., 1998) . We would postulate that this richness of interconnected cis-elements and trans-factors is probably required in order to achieve the necessary sequence speci®city in the temporal regulation of maternal mRNA translation.
Experimental procedures
Plasmid construction
The ®nal structure of the chimeric genes used in this study is depicted in Fig. 2A . They were made from an initial construction (pPP200wt) containing the 200 nt DraI± EcoRI distal fragment of PP2Ac cDNA (Cormier et al., 1991) , cloned into the EcoRV site of Bluescript KS phagemid, so that the 5 H end was orientated towards the T7 promoter.
To construct pGbPP200wt this 200 nt fragment was ampli®ed by PCR using the T7 primer and PA2AEXA1L (CGCGGATCCCTTTGTTCACAAGTTTATTAT) oligonucleotide as 5
H and 3 H primers, respectively. The PA2-AEXA 1 L primer introduced a BamHI site (underlined). The PCR product was digested with XhoI, blunt-ended, digested with BamHI and cloned into pGbEg2-497 (Bouvet et al., 1994) between the Klenow-treated BglII site situated 3 H to the globin 5 H UTR and the BamHI site situated 5 H to the poly(A) tail. The XhoI site is reconstituted during this cloning.
The plasmid pGbPP200C 2 was constructed by replacing the PstI±BamHI portion of pGbPP200wt (see Fig. 2A ) with two complementary oligonucleotides, MUTPC1 and MUTPC2 (MUTPC1, GCGCAATGCAGCATTACA-GCTGCATATGATAATAAACTTGTGAACAAAGG; MUTP-C2, GATCCCTTTGTTCACAAGTTTATTATCA-TATGCAGCTGTAATGCTGCATTGCGCTGCA). The annealed oligonucleotides display PstI and BamHI cohesive ends (underlined) and the C 14 track is replaced by the sequence shown in bold type.
The plasmid pGbPP200CPE 2 was constructed in two steps by PCR. First the region of pGbPP200wt 5 H of the CPE was ampli®ed using the T7 primer and the GBPPCPEL oligonucleotide (GBPPCPEL, CCAACCATGGCAGAC-TAGGGAAA) and pGbPP200wt as a template. The portion 3 H of the CPE was similarly obtained using the GBPPCPEV oligonucleotide (GBPPCPEV, TCTGCCATGGTTGGG-TTTTTTGTAG) and the T3 primer. The GBPPCPEV oligonucleotide mutates the CPE (UUUUAU) to (UUG-GGU), shown in bold type. Both oligonucleotides introduce a NcoI restriction site (underlined). Next, the two ampli®ed products were digested by NcoI, ligated, and reampli®ed using the T7 and T3 primers. The resulting product was restricted by XhoI and BamHI before ligation with pGbPP200wt digested with these same restriction enzymes (see Fig. 2A ). The poly(A) track in this plasmid, between the BamHI and EcoRV restriction sites, was replaced by the analogous fragment excised from pGEMA70 (see below) by the same enzymes.
To construct pGEMA70, the cDNA be 45 (Morales et al., 1993 ) was used as a PCR template to amplify a 120 nt poly(T) track. The 5 H (efbpa5/2, GACTAGT-GAATTCGCGGCGATATCTTTTTTTT) and the 3 H (efbpa3, GGTCGATCACACAGCAGTGGATCCGTAA) primers contained an EcoRV and a BamHI restriction site (underlined), respectively. The ampli®ed product was directly cloned into pGEM-T (Promega). Restriction analysis of several clones showed that the poly(A) tail had undergone heterogeneous shortening. A plasmid, pGEMA70, which had a 70 nt poly(A) tail was retained for further use.
The plasmid pGbPP200C 2 CPE 2 was constructed using the MUTPC1 and MUTPC2 complementary oligonucleotides to replace the PstI±BamHI portion of pGbPP200CPE 2 . The plasmid pPP200DC in which the poly(C) track was deleted, was constructed by site directed mutagenesis (Kunkel, 1985) using pPP200wt as matrix. All the constructions were con®rmed by sequencing.
RNA synthesis
32
P-Labeled and capped transcripts were made in vitro using the Promega Riboprobe transcription kit as previously described (Legagneux et al., 1992) . The transcription templates were linearized by restriction using EcoRV or BamHI for the synthesis of poly(A) 1 or poly(A) 2 RNAs, respectively. The RNA was phenol/chloroform-extracted twice and ethanol-precipitated. The radiolabeled RNAs were puri®ed by electrophoresis on 5% denaturing polyacrylamide gels (Audic et al., 1997) .
Biological and analytical methods
Stage VI oocytes were obtained from laboratory raised Xenopus laevis females, collagenase-defollicularized following standard procedures, and incubated overnight in OR2 buffer (HEPES 5 mM, Na 2 HPO 4 1 mM, NaCl 82.5 mM, KCl 2.5 mM, MgCl 2 1 mM, CaCl 2 1 mM, pH 7.8) at 168C. They were injected with 18.4 nl of in vitro transcript (0.25±1 fmol) and incubated for 16 h at 208C in OR2 buffer containing or not 3 mM progesterone. Progesterone-treated oocytes that did not display a white maturation spot were discarded. RNAs were extracted according to Harland and Misher (1988) . Embryos were obtained by standard procedures and incubated in F1 solution (Paris et al., 1988) . The embryos were allowed to develop at 228C. Maternal RNA was extracted from embryos at different stages by the Liurea procedure (Auffray and Rougeon, 1980) . Poly(A) 1 RNA was selected by oligo(dT)-cellulose chromatography. The RNA contained in the¯ow-through volume was taken as the poly(A) 2 RNA fraction. Northern analysis was performed as previously described (Duval et al., 1990) . When required, embryos at the two-cell stage were injected with 18.4 nl of in vitro transcript. At various times, batches of ®ve embryos were taken and the total RNA extracted as described by Harland and Misher (1988) . When required for digestion with RNase H the RNA samples were resuspended in water and treated as described by Osborne et al. (1991) .
The samples of total RNA or the RNase H-treated samples were dissolved in 80% formamide and analyzed by electrophoresis on 4% polyacrylamide/urea gels as described by Bouvet et al. (1994) . The distribution of the radioactive RNAs in the gel lanes was quanti®ed by using a Molecular Dynamics Phosphoimager with the Imagequant package. An estimate of the extent to which a poly(A) tail was elongated at time (t) was made by calculating the distance between the maximum signal at t 0 h and the position corresponding to 1/3 of the maximum signal (peak value) at time (t).
The proteins binding to PP200wt or poly(C) RNA were puri®ed by RNA af®nity chromatography and SDS-PAGE essentially as described by Paillard et al. (1998) . The RNA af®nity columns were made using either the in vitro synthesized PP200wt or PP200DC transcripts or commercial poly(C) or poly(U) RNA (Pharmacia) coupled to CNBractivated Sepharose as described by Kaminski et al. (1995) . The proteins eluted from the polyacrylamide gel were concentrated by centrifugation (Centricon 10, Amicon) and sent to Toplab (Martinsried, Germany) for endolysin-C digestion and microsequencing of the generated peptides.
